'Candidatus Liberibacter solanacearum' (Lso) has emerged as a serious threat on solanaceous 11 and apiaceous crops worldwide. Five Lso haplotypes (LsoA, LsoB, LsoC, LsoD and LsoE) 12 have been identified so far. To decipher genetic relationships between Lso strains, a MLSA 13 study of seven housekeeping genes (acnA, atpD, ftsZ, glnA, glyA, gnd and groEL) was 14 performed on a representative bacterial collection of 49 Lso strains. In all, 5415 bp spanning 15 the seven loci were obtained from each of the 49 strains of our bacterial collection. Analysis of 16 sequence data was consistent with a clonal population structure with no evidence of 17 recombination. Phylogenies reconstructed from individual genes, and with concatenated data, 18 were globally congruent with each other. In addition to the five highly supported and distinct 19 genetic clusters, which correspond to the five established haplotypes, our phylogenetic data 20 revealed the presence of a sixth haplotype, designated 'LsoG'. This new haplotype is currently 21 represented by two strains from France which had distinct sequences in four out of the seven 22 tested housekeeping genes. Altogether, the data presented here provide new information 23 regarding the genetic structure of Lso and the evolutionary history of the haplotypes defined 24 within this bacterial species.
Introduction

36
'Candidatus Liberibacter solanacearum' (Lso) is an unculturable phloem-limited bacterium that 37 spreads from infected to healthy plants by psyllid vectors. This phytopathogenic bacterium 38 includes strains responsible for diseases of several solanaceous and apiaceous crops 39 (Haapalainen, 2014) . Within this bacterial species, strains were classified into five haplotypes 40 (LsoA, LsoB, LsoC, LsoD and LsoE) . These haplotypes were defined based on genotyping of Primers for partial sequencing of the seven housekeeping genes were designed (Table 2) based 140 on the alignments of orthologous sequences collected from the six Lso genomes available in 141 GenBank: strain ZC1, strain NZ1, strain HenneA, strain RSTM, strain FIN111 and strain 142 FIN114. PCR amplification of each gene was performed in a 25-µL reaction mix using the Bio-143 X-Act short polymerase mix (Bioline, London, UK), 0.2 μM of forward and reverse primers, 144 and 2 μL of DNA. The PCR conditions were an initial denaturation at 95°C for 5 min; followed 145 by 35 cycles of 30 s of denaturation at 94°C, 30 s of annealing at 58°C, and 1 min of extension 146 at 72°C and followed by 10 min of a final extension at 72°C. All PCR series included positive 147 and negative controls. Amplified PCR products were separated on 1.5% agarose gels containing 148 ethidium bromide for visualization. PCR products were directly sequenced with forward and 149 reverse primers (Genewiz, Takeley, UK) .
151
Sequence acquisition and alignment 152 Forward and reverse nucleotide sequences were assembled using the CAP3 contig assembly 153 program (Huang and Madan, 1999) to obtain high-quality sequences. Multiple alignments were 154 edited using the ClustalW tool of the BIOEDIT program version 7.2.6.1 (Hall, 1999) . 155 Sequences were concatenated following the alphabetic order of the genes, ending in a sequence 156 of 5415 bp (bp 1 to 816 for acnA, 817 to 1575 for atpD, 1576 to 2349 for ftsZ, 2350 to 3132 for 157 glnA, 3133 to 3879 for glyA, 3880 to 4623 for gnd, and 4624 to 5415 for groEL). 158 159 Sequence data analysis 160 Summary statistics for the sequences were computed using DnaSP version 5.10.01 (Librado 161 and Rozas, 2009). The GC content, number of polymorphic sites (S), nucleotide diversities (θπ 162 and θw) (Nei, 1987; Watterson, 1975) , and neutrality test of Tajima's D (Tajima, 1989) were 163 estimated for each of the seven genes and on concatenated sequences. DnaSP was also used to 164 calculate the ratio of non-synonymous to synonymous substitutions (dN/dS) (Nei and Gojobori, 165 1986) in order to test the degree of selection on a locus. Values of dN/dS of 1, dN/dS>1 and 166 dN/dS <1 indicate neutrality, diversifying selection and purifying selection, respectively.
167
Occurrence of recombination was analyzed on each gene using the different recombination 168 detection methods as implemented in RDP v4 (Martin et al., 2015) . The analysis was performed 169 with default settings for the different detection methods and the Bonferroni-corrected P-value 170 cut-off was set at 0.05. Phylogenetic analyses were performed on individual gene sequences as well as on the dataset 174 of concatenated sequences of the 49 strains of our bacterial collection. Strain psy62 of 'Ca. L. 175 asiaticus' (Duan et al., 2009 ) was used to root trees. Maximum Likelihood trees were generated 176 with the MEGA 7.0.14 software program (Kumar et al., 2016) using the Kimura two-parameter 177 model (Kimura, 1980) . Statistical support for tree nodes was evaluated by bootstrap analyses 178 with 1000 replicates. To determine the haplotype affiliation of tested Lso strains, the sequenced 179 genomes of strains from LsoA (strains NZ1, HenneA and RSTM), LsoB (strain ZC1), LsoC 180 (strains FIN111 and FIN114) and LsoD (strain haplotype D1) were included in the analysis.
181
For LsoE for which no published genome sequence is available, we used as reference, strain 182 14/235 that was previously determined as belonging to LsoE using the 16S rRNA gene and the 183 50S ribosomal protein rpIJ-rpIL gene region (Hajri et al., 2017) .
185
Sequence accession numbers 186 Two hundred and ninety four sequences generated in this study were deposited in the GenBank 187 database with accession numbers MH108648 -MH108689 for acnA, MH108690 -MH108731 188 for atpD, MH108732 -MH108773 for ftsZ, MH108774 -MH108815 for glnA, MH108816 -189 MH108857 for glyA, MH108858 -MH108899 for gnd and MH108900 -MH108941 for groEL. 190 191 192 193 194 Sequence analysis and DNA polymorphism 195 In the present study, amplification was successful for all tested Lso strains with the seven 196 housekeeping genes. To validate the choice of the seven loci as appropriate phylogenetic 197 markers for Lso, descriptive statistics on nucleotide and allelic diversities were calculated for 198 each locus and for the concatenated dataset. The 49 sequences of each locus were aligned; no 199 gap and no insertion in the sequences of all tested Lso strains were detected. Analyzed sequence 200 lengths ranged from 744 bp (gnd) to 816 bp (acnA), leading to a total of 5415 bp for the 201 sequence of concatenated dataset ( Table 3 ). The GC content for all loci ranged from 33.9% 202 (gnd) to 43.2% (ftsz). All loci were polymorphic and the number of polymorphic nucleotide 203 sites varied from 12 for the least polymorphic locus (ftsZ) to 27 for the most polymorphic locus 204 (glnA) ( Table 3 ). The value for the neutrality test of Tajima was positive for 4 loci (ftsZ, glnA, 205 glyA and groEL), negative for 3 loci (acnA, atpD and gnd) and positive for the concatenated 206 data but it was not significant for all tested loci and for concatenated data. The dN/dS ratios of 207 all tested housekeeping genes were <1, indicating that these loci were subject to purifying 208 selection. No recombination event was detected with the RDP program, indicating that the Lso 209 population is highly clonal. For the concatenated dataset, the average GC content was 38.9%.
Results
210
Overall, 143/5415 nucleotide sites examined here are polymorphic, which indicates that Lso is 211 genetically rather uniform. For neutrality tests, no significant departure from neutrality was 212 observed on the overall dataset with the Tajima's D test (Table 3) . 
MLSA based on concatenated gene sequences 215
The phylogenetic tree generated from the concatenated sequences of the seven housekeeping 216 genes (acnA, atpD, ftsZ, glnA, glyA, gnd and groEL) showed six well defined groups. High 217 bootstrap values indicated that this clustering was well supported and that the phylogenetic tree 218 was robust ( Figure 2 ). The first group (LsoB) is composed of three strains isolated in the United one from fennel, one from parsnip and one from chervil) ( Table 1 ). In addition to these five 230 groups, which correspond to the five Lso haplotypes described so far, our phylogenetic tree (Table 4 ). In addition, the ftsZ gene sequences from these two strains varied from the ftsZ gene 262 sequences of the other LsoD strains by two nucleotide substitutions (Table 4) Considering the seven housekeeping genes used in this study, 143 polymorphic sites in 5415 290 bp of sequence were identified. No insertions/deletions were found in the analyzed sequences.
291
The seven loci were informative, with glnA being the most variable gene. In addition to point and usually evolve slowly (Sarkar and Guttman, 2004) . In the frame of this study, the levels of 307 selection acting on the tested housekeeping genes were evaluated with two population genetic 308 tests. Tajima's D statistic did not produce significant results. In addition, all dN/dS were less 309 than 1, indicating that the seven tested loci appeared to be under purifying selection, as expected 310 for genes chosen for MLSA studies. Taken together, our data revealed a high clonality for 311 housekeeping genes and support a predominant role of mutation in shaping the genetic diversity 312 of Lso. the same geographical region, it is tempting to speculate that the newly described haplotype G 363 is a genetically structured population based on geographical area. To support this hypothesis, 364 further characterization of additional representative strains of LsoG is now necessary. Although 365 the haplotype nomenclature system has been useful in an agricultural context, its biological 366 justification is questionable since there are no biological distinctions that reliably differentiate 367 Lso haplotypes (Lin and Gudmestad, 2013) . Thus, haplotype designation within Lso should 368 take into account both the genetic diversity and biological traits of the strains (Haapalainen, 369 2014; Munyaneza, 2015) . More recently, two novel haplotypes (LsoU and LsoF) was identified 370 in Finland from the psyllid Trioza urticae and its host plant Urtica dioica, and in the USA in 371 potato tuber (Haapalainen et al., 2018; Swisher-Grimm and Garczynski, 2018) . The 372 identification of three novel haplotypes (LsoU in Finland, LsoF in USA and LsoG in France) 373 indicates that genetic diversity of Lso is much higher than previously expected. In our study, 374 we focused on housekeeping genes which provide substantial evidence that strains 17/0021-2c 375 and 17/0021-2d represent a new Lso haplotype. However, we cannot exclude the possibility 376 that genetic variation among these strains is present elsewhere in the genome. Further work on 377 the biological traits (i.e. host range) of these two strains and further sequencing of more variable 378 genes like those involved in virulence are now necessary to confirm the status of this new 379 haplotype.
381
The interaction between Lso and its host plants is strongly influenced by the ecological niche, 382 the insect vector and the evolution of bacterial pathogenicity determinants (Lin and Gudmestad, 383 2013; Haapalainen, 2014). Currently, little is known about pathogenicity determinants that can 384 account for the differing host specificities between Lso haplotypes. Previous comparative 385 genomic studies focused only on LsoA, LsoB and LsoC and revealed relevant differences in 386 the genome organization between these haplotypes (Lin et al., 2011; Thompson et al., 2015; 387 Wang et al., 2017). However, these studies did not take into account haplotypes D and E since 388 no published genome sequence is available for LsoE and a draft genome sequence of LsoD was 389 made available only recently in Genbank. Notably, our MLSA data highlighted interesting 390 features for LsoD and LsoE: (i) they are very closely related, but phylogenetically distinct; (ii) 391 they form a cluster that is clearly separated from LsoC which is also pathogenic on apiaceous 392 crops. In addition, a recent study reveals that the newly described LsoU haplotype is more 393 closely related to LsoD and LsoA than to LsoC (Haapalainen et al., 2018) . Altogether, these 394 observations raise interesting questions about the genomic basis of adaptation to the host of Lso 395 haplotypes. Sequencing of LsoE, LsoF, LsoU and LsoG genomes is now necessary to perform 396 a whole comparative genomic analysis at the species level which may enable the identification 397 of specific-haplotype genes. Such traits are excellent candidates to better understand the genetic 398 basis of the host range differences that exist between apiaceous and solanaceous haplotypes and 399 the factors involved in vector/plant host interactions. In this article, we have described the 400 genetic structure of Lso with special emphasis on housekeeping genes. However, the population 401 structure of a bacterium can also be tracked by focusing on other informative genetic markers 402 such as phage-related genes that could be linked to virulence. The potential contribution of 403 prophages and phage-related sequences to the genetic diversity of Liberibacter species has been 404 investigated more extensively in 'Ca. L. asiaticus ' (Zhou et al., 2013; Puttamuk et al., 2014; 405 Zheng et al., 2016 405 Zheng et al., , 2018 . Furthermore, Thompson et al.(2015) highlighted that the most this study based on the sequenced Lso ZC1 genome (Genbank accession number CP002371).
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The position of each locus (in base pairs) is given between brackets. 
Nucleotide numbers are indicated relative to the first nucleotide of the aligned sequence of each 791 gene 792 793 794
